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ABSTRACT  
In this paper, acoustic emission (AE) monitoring was used to evaluate the bond behaviour of corroded reinforcement 
in reinforced concrete prism samples. The embedded reinforcing steel bars were pre-corroded to successive levels of 
corrosion up to 5% mass loss of steel by impressed current accelerated corrosion process. A total of 24 samples with 
variable bar embedded length (50 and 200 mm) and corrosion exposure (0%, 1%, 2%, 3%, 4%, and 5% of steel mass 
loss) were tested under pull-out tests. Two attached AE sensors were mounted at the surface of each specimen to 
continuously record the emitted AE signals throughout the pull-out tests. Several AE signal parameters (cumulative 
number of hits, signal strength, amplitude, and duration) were analyzed to characterize the extent of bond 
deterioration. These AE parameters were compared with the corresponding values of bond stress and free end slip 
until failure. Furthermore, an intensity analysis on AE signal strength was implemented for the condition assessment 
of bond integrity, which yielded two additional AE parameters: historic index (H (t)) and severity (Sr). The analysis 
of cumulative signal strength, H (t), and Sr results permitted the identification of two stages of bond degradation 
(micro- and macro-cracking) before bond splitting failure. Besides, intensity classification charts were developed 
using H (t) and Sr to quantify the bond damage (micro- and macro-cracking and bar slip) of existing concrete 
structures. 
 
Keywords: structural health monitoring; concrete structures; acoustic emission; signal strength; corroded 
reinforcement; bond behaviour. 
1. INTRODUCTION 
Corrosion of reinforcing steel is the most critical factor for the deterioration of concrete structures exposed to 
corrosive environments. Several experimental and numerical studies have indicated that corrosion of reinforcing 
steel significantly reduced the bond strength of reinforced concrete structures. Reinforcement corrosion contributes 
to both the reduction of steel cross section and loss of its bond to surrounding concrete, thus minimizing the overall 
strength and serviceability of concrete structures (Fang et al. 2006). Despite the design of concrete structures to 
ensure safe transfer of forces between steel and concrete, the existence of corrosion may weaken their bond and 
eventually cause sudden bond failures (ACI Committee 408 2003). To overcome this problem, structural health 
monitoring (SHM) systems may be needed to detect any deterioration of bond between steel and concrete at its early 
stages, thus maintaining the safety and sustainability of structures. 
 
SHM systems typically consist of sensors that are attached or embedded in structures; these sensors continuously 
record signals via a data-acquisition system that can represent the overall performance of the structure (Mufti et al. 
2007). A number of studies dealing with concrete structures have recently employed SHM systems to detect bond 
damage (for example: Ho et al. 2015, Wu et al. 2015). These studies used embedded piezoelectric sensors/actuators 
(Wu et al. 2015) and fibre Bragg grating-based strain sensors (Ho et al. 2015) which were embedded at the steel bar 
surface. These sensors enabled the characterization of bond slip in prestressed concrete bridge girders (Ho et al. 
2015) and early recognition of bond splitting failure (Wu et al. 2015). However, these sensors are not suitable for the 
application to existing concrete structures owing to their embedment in the concrete matrix. 
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On the other hand, AE sensors can be deployed in passive SHM systems for damage prognosis and diagnosis in 
concrete structures. AE sensors attached to the surface of the structure are sensitive to micro-cracking of concrete, 
which may be utilized to evaluate existing concrete structures. AE-based SHM systems have been employed to 
detect and identify a variety of damage mechanisms in both reinforced and prestressed concrete structures (Nair and 
Cai 2010). Few studies involved the application of AE monitoring for the assessment of bond behaviour between 
steel and concrete. For instance, Iwaki et al. (2003) investigated the effect of concrete compaction on the steel-to-
concrete bond behaviour of reinforced concrete elements using AE monitoring of pull-out tests. The analysis of AE 
data from these tests indicated that the cumulative number of AE hits can localize the positions of inadequate bond 
and allow the detection of bar slip. 
 
Recently, the evaluation of the bond behaviour of black and galvanized deformed steel in concrete under pull-out 
testing was performed by means of attached AE sensors (Gallego et al. 2015). The results collected using these 
sensors indicated that the cumulative number of AE hits can be utilized to detect the successive stages of bond 
deterioration. The AE results also enabled the differentiation between different types of steel in terms of bond 
strength and bar slip. Nonetheless, there is a lack of research dealing with the utilization of AE monitoring for the 
evaluation of bond behaviour of corroded reinforcement to concrete. The objective of this research is to assess the 
bond behaviour of reinforcing steel subjected to different degrees of corrosion using AE monitoring, while 
considering variable bonded lengths. The study also aims at the analysis of AE signal parameters to achieve early 
detection of bond degradation of existing concrete structures that have previously been deteriorated because of 
reinforcement corrosion. Ultimately, the paper attempts to correlate the AE parameters with the successive stages of 
bond damage to establish intensity classification charts that can be useful for the damage quantification of critical 
aging infrastructure. 
2. EXPERIMENTAL PROGRAM  
2.1 Materials 
The study involved casting reinforced concrete prism samples with a normal-strength concrete mixture. This mixture 
incorporated type GU Canadian Portland cement with a specific gravity of 3.15, conforming to ASTM Type I 
(ASTM C150). Additionally, natural sand and 10 mm maximum size stone were both added to the concrete mixture 
as fine and coarse aggregates, respectively. The fine and coarse aggregates both had a specific gravity of 2.60 and 
water absorption of 1%. The 28-day compressive strength of the concrete mixture was obtained by testing six 100 
mm diameter x 200 mm high cylindrical samples according to ASTM C39. Moreover, the splitting tensile strength 
of six additional cylindrical concrete specimens was determined based on ASTM C496. The mixture proportions, 
28-day compressive strength, and 28-day splitting tensile strength of the concrete used in this study are shown in 
Table 1. The reinforcing steel bars used in all samples were 20M deformed carbon steel bars with constant diameter 
(20 mm). The average yield stress and ultimate tensile strength of the reinforcing steel bars were 480 MPa and 725 
MPa, respectively, as specified by the manufacturer. 
Table 1: Concrete mixture proportions and 28-day compressive and tensile strength 
Cement 
(kg/m3) 
10 mm stone 
(kg/m3) 
Sand 
(kg/m3) 
Water 
(kg/m3) 
28-day compressive 
strength (MPa) 
28-day splitting tensile 
strength (MPa) 
350 1168.27 778.84 140 fc = 40.38 fct = 3.79 
 
2.2 Details of Prism Samples 
This study involved testing 24 small-scale (100 x 100 x 300 mm) reinforced concrete prism specimens. One 20 mm 
diameter (20M) reinforcing steel bar was partially embedded in each prism sample with one protruding end to 
enable the pull-out testing (Figure 1). These samples had constant cover thicknesses (40 mm) around the embedded 
steel bar. The prism samples were cast with two values of embedded length (50 and 200 mm). Each sample had two 
PVC pipes acting as bond breakers placed before and after the bonded length. The embedded length was changed 
from 200 to 50 mm by extending the length of the PVC pipe from the bottom end of the sample (Figure 1). After 
mixing, the samples were cast in wooden molds with the reinforcing bars in a horizontal position. After 24 hours of 
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casting, the prism samples were de-molded and then water-cured for a period of 28 days. The bottom ends of all 
samples were filled with waterproof silicon to insulate the steel bar and avoid the direct connection to water in the 
accelerated corrosion period. This filling was removed from all samples at the end of corrosion exposure to allow 
the measurement of free end bar slippage in the pull-out test (Figures 1 and 2). 
  
Following the curing period, a total of 20 samples were exposed to an accelerated corrosion process until they 
reached five different degrees of theoretical steel mass loss: 1%, 2%, 3%, 4%, and 5%. For the comparison, an 
additional 4 specimens (representing control samples) were not subjected to the accelerated corrosion. Two identical 
samples were prepared from each specimen, at the same degree of steel mass loss, to ensure the repeatability of the 
results. The magnitudes of the theoretical mass loss of the reinforcing steel bars were calculated using Faraday’s law 
(Eq. 1). 
 
[1]   
F . z
M . i .t 
 = loss Mass  
                                                                                
Where: t = the time passed (s), i = the current passed (Ampere), M = atomic weight (for iron: M = 55.847 g/mol), z 
= ion charge (2 moles of electrons), and F = Faraday’s constant, which is the amount of electrical charge in one 
mole of an electron (F = 96485 coulombs per mole (C/mol)). 
 
The samples were designated according to the embedded length (A for 50 mm and B for 200 mm), percentage of 
theoretical steel mass loss (0%, 1%, 2%, 3%, 4%, and 5%), and replicate number (1 or 2). For instance, the first 
replicate of the prism sample cast with embedded length of 200 mm, and corroded to 3% of steel mass loss is 
designated as B3-1. 
 
Silicon Filled
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Steel Mesh (Cathode) Plastic Container
Steel Bar
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Figure 1: Typical accelerated corrosion setup 
 
2.3 Accelerated Corrosion Procedure 
As previously mentioned, 20 samples were subjected to electrically accelerated corrosion conditions, as 
demonstrated in Figure 1. These samples were connected to a DC power supply with a constant voltage (12 V) and 
partially submerged in a plastic container containing a 5% NaCl solution. The protruded bar in each sample acted as 
anode (+), while a steel mesh located under the samples acted as a cathode (–). For each sample, a data-acquisition 
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system was used to record the values of the passed electric current at one-minute intervals. Using these current 
values, the theoretical percentage of mass loss was continuously estimated using Faraday’s law (Eq. 1) for all 
specimens. The sample was removed from the container when the assumed values of steel mass loss (1 to 5%) were 
obtained. In all tested samples, the cover cracks resulting from corrosion were measured at the end of corrosion 
periods using a crack measuring microscope. After the pull-out tests, the actual percentage of the steel mass loss of 
all prisms was determined according to ASTM G1. The accelerated corrosion durations, average currents, cover 
crack widths, and actual percentage of steel mass loss were reported for all samples, as seen in Table 2. 
Table 2: Specimen details and accelerated corrosion results 
Sample 
designation 
Embedded 
length (mm) 
Theoretical steel 
mass loss (%) 
Corrosion 
exposure (day) 
Average 
current (mA) 
Actual mass loss 
of steel (%) 
Crack width 
(mm) 
A0-1 50 0 NA NA NA NA 
A0-2 50 0 NA NA NA NA 
B0-1 200 0 NA NA NA NA 
B0-2 200 0 NA NA NA NA 
A1-1 50 1 15 5 0.69 0.05 
A1-2 50 1 15 7 0.87 0.09 
B1-1 200 1 15 15 0.75 0.24 
B1-2 200 1 15 18 0.93 0.38 
A2-1 50 2 16 8 1.89 0.21 
A2-2 50 2 16 9 1.94 0.23 
B2-1 200 2 16 19 1.76 0.28 
B2-2 200 2 16 23 1.93 0.35 
A3-1 50 3 17 10 2.95 0.31 
A3-2 50 3 17 11 2.87 0.34 
B3-1 200 3 17 31 2.92 0.48 
B3-2 200 3 17 33 3.01 0.52 
A4-1 50 4 18 12 3.76 0.44 
A4-2 50 4 18 15 3.99 0.42 
B4-1 200 4 18 43 4.05 0.91 
B4-2 200 4 18 39 3.89 0.87 
A5-1 50 5 19 13 4.87 0.96 
A5-2 50 5 19 16 5.06 1.08 
B5-1 200 5 19 47 4.86 1.13 
B5-2 200 5 19 51 4.93 1.14 
 
2.4 Pull-out Testing and Acoustic Emission Monitoring Setup 
After being exposed to corrosion, the samples were tested under direct pull-out tests in a universal testing machine, 
as described in Figure 2. These prism samples were loaded under an incrementally increasing monotonic loading 
condition until bond failure. The free end slip of the steel bar of each specimen was obtained using one linear 
variable differential transformer (LVDT) mounted at the top of each sample (Figure 2). The magnitude of loading 
and the corresponding free end slip measured using the LVDT in each sample were constantly acquired by a data-
acquisition system. Each tested sample was monitored during the pull-out test by two piezoelectric AE sensors with 
integral preamplifier (R6I-AST), as shown in Figure 2. The AE sensors were attached, using a two-part epoxy 
adhesive, to one side of each sample’s surface located at the centre of the embedded steel bar. All AE signals 
emitted through the test were continuously recorded via a 4-channel AE data-acquisition system and AEwin signal 
processing software. The amplitude threshold value was fixed at 40 dB to attain the AE signals released throughout 
the test duration. The data-acquisition system was set up to acquire several AE signal parameters, including 
amplitude, duration, signal strength, and number of hits. The definitions of these AE signal parameters (and other 
AE terminology utilized in nondestructive testing) are described elsewhere (ASTM E1316). 
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Figure 2: Pull-out testing and AE monitoring setup 
3. RESULTS AND DISCUSSION 
3.1 Acoustic Emission Data Filtering 
The raw AE data recorded during all pull-out tests were filtered to reduce any noise-related signals and/or irrelevant 
wave reflections within the sample’s boundaries. An amplitude-duration-based filter, or Swansong II filter, was 
performed on the original AE results acquired from all tests. This filter has previously been implemented in similar 
studies involving the application of AE monitoring in concrete structures (ElBatanouny et al. 2014, Abdelrahman et 
al. 2015). The concept of this filtering technique is derived from the assumption that real AE signals with high 
amplitudes are accompanied by long durations, and vice versa (Abdelrahman et al. 2015). Using this procedure, the 
acceptance criteria were established after the visual inspection of all recorded AE signals, as demonstrated in Table 
3. By applying these criteria, all signals that did not meet these amplitude-duration ranges were filtered and the 
remaining AE hits were then considered legitimate emissions generated from bond deterioration until failure. These 
final AE data were consequently analyzed and evaluated, as will be explained in the following sections. 
Table 3: Acceptance criteria for AE signals 
Amplitude range 
(dB) 
Duration (μs) Amplitude 
range (dB) 
Duration (μs) 
Lower Upper Lower Upper 
40 ≤ A < 45 0 400 60 ≤ A < 65 300 1000 
45 ≤ A< 48 0 500 65 ≤ A< 70 500 2000 
48 ≤ A< 52 0 600 70 ≤ A< 80 1000 4000 
52 ≤ A< 56 0 700 80 ≤ A< 90 2000 7000 
56 ≤ A< 60 100 800 90 ≤ A< 100 3000 10000 
 
3.2 Acoustic Emission Intensity Analysis 
AE intensity analysis is an analysis that exploits the signal strength of the collected AE signals to further develop 
AE parameters that can better identify and characterize the extent of damage in structures. These parameters can 
then be employed to construct damage intensity classification charts based on the acquired AE signal strength data. 
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Intensity analysis was first applied in fibre-reinforced polymer vessels and has also been utilized for the evaluation 
of various damage mechanisms of concrete structures (Nair and Cai 2010, ElBatanouny et al. 2014, Abdelrahman et 
al. 2015). The AE signal strength data recorded during the pull-out tests (after being filtered) were subjected to an 
intensity analysis to assess the bond behaviour of corroded reinforcement to concrete in all specimens. This analysis 
of AE signal strength yielded two additional AE parameters: historic index (H (t)) and severity (Sr). H (t) indicates 
any sudden variation in the slope of the cumulative signal strength (CSS) curve versus test time. The value of H (t) 
was calculated using Eq. 2 throughout the pull-out test period in all tested samples (Nair and Cai 2010, ElBatanouny 
et al. 2014, Abdelrahman et al. 2015). 
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Where: N = the cumulative number of hits up to time (t) and Soi = signal strength of the ith event. 
 
In the meantime, Sr is based on the average signal strength of the J hits with the maximum algebraic value of signal 
strength, and was estimated using Eq. 3 for all tested samples (Nair and Cai 2010, ElBatanouny et al. 2014, 
Abdelrahman et al. 2015). 
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It is worth noting that the values of the constants K in Eq. 2 and J in Eq. 3 may depend on the damage mechanism 
and type of structure (Vélez et al. 2015). The value of K was assumed according to the cumulative number of hits, as 
follows: a) N/A: if N ≤ 50, b) K = N – 30: if 51 ≤ N ≤ 200, c) K = 0.85N: if 201 ≤ N ≤ 500, and d) K = N – 75: if N 
≥ 501. On the other hand, J was taken as a constant value of 50, irrespective of the cumulative number of hits (Nair 
and Cai 2010, ElBatanouny et al. 2014, Abdelrahman et al. 2015). The magnitudes of both H (t) and Sr were 
calculated using Eq. 2 and Eq. 3 for all tested samples at all test intervals. 
 
3.3 Bond Damage Identification By Acoustic Emission Analysis 
The analysis of the AE cumulative number of hits curves has previously been applied to evaluate the bond behaviour 
(Iwaki et al. 2003) and to detect the different stages of bond damage in reinforced concrete (Gallego et al. 2015). On 
the other hand, the use of signal strength parameters (CSS, H (t), and Sr) has been found to be more sensitive in 
detecting various damage mechanisms in concrete structures; for example: (ElBatanouny et al. 2014, Abdelrahman 
et al. 2015, Vélez et al. 2015). To this end, the AE data (after being filtered) recorded throughout the pull-out test 
performed on sample A5-2 (as an example of all tested samples) is graphed in Figure 3. The figure presents the 
variations in the values of AE cumulative number of hits, cumulative signal strength (CSS), historic index (H (t)), 
and severity (Sr) versus the elapsed time during the pull-out test on this specimen. Figure 3a indicates that the AE 
cumulative number of hits increased throughout the test until failure, with only one noticeable point of slope change 
at nearly 55 seconds after the beginning of the test. This increase in the AE cumulative number of hits can be related 
to the transfer of forces between steel and concrete by means of chemical adhesion and friction up to 55 seconds. 
After the slope change in this figure, the higher rise in the AE activity (cumulative number of hits) can be attributed 
to the onset of cover cracking, followed by de-bonding and bar slippage until bond splitting failure occurred. 
  
In contrast, Figure 3b shows three locations of slope change in the CSS versus test time at approximately 51, 64, and 
89 seconds. These locations can also be noticed in the values of H (t) and Sr, as seen from Figure 3c and 3d, 
respectively. These figures manifest sudden increases in the values of H (t) and Sr at these three locations, which can 
be correlated to the successive stages of bond deterioration until failure. The first slope change in the CSS and Sr 
curves was associated with a clear increase in the value of H (t) reaching a value of 1.52. This point is mostly related 
to the initiation of the micro-cracking at the concrete-steel interface, which was seen at a bond stress of 5.41 MPa. 
This bond stress represents 1.43 fct that is located in the range of 0.8–3.0 fct. It has been reported in the literature that 
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this range of bond stress is normally accompanied by the presence of micro-cracking at the concrete-steel interface, 
which is followed by the initiation of bar slippage and macro-cracking of the concrete core (CEB-FIP 2000, Gallego 
et al. 2015). The second slope change in the CSS and Sr curves was noted at the maximum detected value of H (t), 
which is 2.52, as shown in Figure 3c. This point can be attributed to the onset of macro-cracking in the concrete core 
surrounding the bar, which preceded the occurrence of bar slip. The detection of macro-cracking was also confirmed 
by visual inspection of the sample during the test and observing the cover cracking starting at about 72 seconds. 
  
The results of CSS and Sr continued to increase after the second slope change, corresponding to further cover 
cracking and bar slippage, until the results reached a third slope change at 89 seconds, as shown in Figure 3b and 3d. 
This location showed the last significant increase in the value of H (t) (1.83) just before the sample failed by bond 
splitting mode. This value of H (t) was lower than that obtained at the detection of macro-cracking (2.52). This 
reduction in the magnitude of H (t) before failure can be attributed to the wave attenuation resulting from the 
existence of splitting cracks in the concrete cover, which would lead to lower signal strength and H (t). Nonetheless, 
the results of AE cumulative number of hits, CSS, and Sr kept increasing until bond splitting failure occurred, as 
indicated by the horizontal part of the curves in Figure 3. It should be mentioned that all other samples followed a 
similar trends in the curves of the cumulative number of hits, CSS, H (t), and Sr versus test time of sample A5-2. 
  
Table 4 summarizes the results of AE cumulative number of hits, CSS, H (t), and Sr of all tested samples obtained 
similarly at the stages of micro-cracking and macro-cracking. The table also includes the amplitude values of the 
signals detected at these stages of bond damage. In addition, Table 5 shows the results of micro-cracking load/stress, 
maximum load/stress (bond strength), free end slip at maximum load, and mode of failure of all samples. It can be 
observed from Table 5 that most samples exhibited a bond splitting failure, and some samples were completely 
broken (due to delamination of the concrete cover) at failure. It can also be noticed that the variations in corrosion 
level and embedded length yielded significant changes in the results of bond behaviour among the tested samples. 
 
 
a)                                                                                              b)  
 
c)                                                                                              d)  
  
Figure 3: Variations of AE parameters versus test time for sample A5-2: a) cumulative number of hits, b) CSS, c) H 
(t), and d) Sr 
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Table 4: AE Parameters at micro-cracking and macro-cracking stages 
Sample 
designation 
Cumulative number 
of hits 
CSS (pV.s) x 106 Amplitude (dB) H (t) Sr (pV.s) x 104 
Micro-
cracking  
Macro-
cracking  
Micro-
cracking  
Macro-
cracking  
Micro-
cracking  
Macro-
cracking  
Micro-
cracking  
Macro-
cracking  
Micro-
cracking  
Macro-
cracking  
A0-1 628 992 22.16 33.27 71 73 1.99 3.11 16.83 26.41 
A0-2 707 917 9.25 54.39 75 83 1.78 3.57 6.74 15.08 
B0-1 2713 3477 145.54 207.23 72 83 2.20 9.40 19.86 104.58 
B0-2 2797 4732 188.38 268.46 72 82 2.02 7.07 18.54 100.65 
A1-1 669 908 12.77 78.09 70 68 1.37 2.99 7.66 28.36 
A1-2 587 963 15.19 86.02 71 72 1.58 3.19 12.92 36.19 
B1-1 2411 3652 161.23 199.63 67 70 1.46 5.97 18.66 96.24 
B1-2 2569 4120 148.69 215.15 73 69 1.60 5.23 17.69 88.19 
A2-1 539 798 12.02 74.87 69 69 1.42 3.05 10.69 32.21 
A2-2 510 888 12.66 76.98 70 72 1.48 2.83 9.29 31.39 
B2-1 2109 3098 119.39 177.98 80 70 1.39 5.01 18.04 89.63 
B2-2 2262 3436 143.69 193.05 69 67 1.19 4.57 16.40 82.90 
A3-1 493 819 10.38 68.12 67 80 1.51 3.02 10.08 32.90 
A3-2 462 769 11.01 69.09 67 67 1.43 2.95 8.88 29.80 
B3-1 2039 2769 106.12 129.69 69 66 1.37 3.87 14.12 71.39 
B3-2 1966 2912 122.09 166.37 77 69 1.46 4.02 16.05 80.63 
A4-1 402 802 9.88 66.19 76 74 1.28 2.49 9.55 30.13 
A4-2 389 713 8.66 60.28 73 80 1.39 2.88 8.12 26.12 
B4-1 1903 2697 103.78 147.98 75 68 1.71 3.69 14.97 73.88 
B4-2 1706 2467 97.01 130.69 70 72 1.58 3.25 13.67 66.12 
A5-1 427 654 6.05 64.01 68 70 1.39 2.64 8.87 29.64 
A5-2 174 598 11.99 52.07 69 74 1.52 2.52 7.64 24.15 
B5-1 1832 2558 94.02 122.36 74 79 1.46 2.67 11.29 64.30 
B5-2 1603 2109 86.69 100.15 67 69 1.42 2.82 12.69 69.15 
Table 5: Summary of pull-out test results 
Sample 
designation 
Failure mode 
Maximum 
load (kN) 
Bond 
strength 
(MPa) 
Free end slip at 
maximum load 
(mm) 
Micro-
cracking load  
(kN) 
Micro-cracking 
stress (MPa) 
A0-1 Splitting cracks 38 12.10 0.24 21 6.69 
A0-2 Splitting cracks 42 13.38 0.24 12 3.82 
B0-1 Broken 124 9.87 0.78 89 7.09 
B0-2 Broken 122 9.71 0.65 54 4.30 
A1-1 Splitting cracks 33 10.51 0.22 25 7.96 
A1-2 Splitting cracks 35 11.15 0.21 24 7.64 
B1-1 Broken 92 7.32 0.68 66 5.25 
B1-2 Broken 90 7.17 0.63 62 4.94 
A2-1 Splitting cracks 32 10.19 0.2 20 6.37 
A2-2 Splitting cracks 32 10.19 0.19 22 7.01 
B2-1 Broken 85 6.77 0.62 49 3.90 
B2-2 Broken 81 6.45 0.56 43 3.42 
A3-1 Splitting cracks 29 9.24 0.17 23 7.32 
A3-2 Splitting cracks 34 10.83 0.22 15 4.78 
B3-1 Broken 76 6.05 0.44 45 3.58 
B3-2 Splitting cracks 78 6.21 0.61 47 3.74 
A4-1 Splitting cracks 31 9.87 0.16 17 5.41 
A4-2 Splitting cracks 29 9.24 0.18 13 4.14 
B4-1 Splitting cracks 69 5.49 0.48 53 4.22 
B4-2 Splitting cracks 73 5.81 0.49 48 3.82 
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A5-1 Splitting cracks 39 9.42 0.17 19 6.05 
A5-2 Splitting cracks 27 8.60 0.12 17 5.41 
B5-1 Broken 68 5.41 0.47 43 3.42 
B5-2 Splitting cracks 65 5.18 0.41 47 3.74 
 
3.4 Effect of Corrosion Level on Bond Behaviour and Acoustic Emission Parameters 
The increase in corrosion level from 0 to 5% resulted in an average reduction in the bond strength of 38%, as seen in 
Table 5, regardless of bar bonded length. The increase in corrosion level also resulted in an overall decrease in the 
values of AE cumulative number of hits, CSS, and Sr, at both micro- and macro-cracking stages. On the other hand, 
by increasing the percentage of steel mass loss, the results of H (t) decreased at the macro-cracking stage only. This 
general reduction in AE parameters at micro-cracking can be attributed to the lower contribution of chemical 
adhesion and friction between concrete and steel resulting from steel corrosion. The corrosion products that 
accumulate around the bar surface can significantly reduce the rebar-concrete adhesion, especially at high degrees of 
corrosion. In addition, increasing the accumulation of the corrosion product caused expansion of the bar volume and 
cover cracking, which reduced the rebar-concrete confinement and friction. The decrease in AE parameters because 
of reinforcement corrosion was also obtained at the macro-cracking stage. This reduced AE activity at this stage can 
be related to the lower contribution of rib bearing in resisting additional forces due to its minimized size following 
corrosion propagation. This reduction can also be correlated to the presence of corrosion cover cracks, which may 
lead to less signal strength as a result of any possible signal attenuation. The latter can be justified by the slight 
decrease (6%) in the average amplitude of the signal detected in non-corroded samples when compared to the 
average amplitude of all corroded samples, as shown in Table 4. 
3.5 Bond Damage Assessment of Corroded Bars Using Acoustic Emission Intensity Analysis 
The values of H (t) and Sr corresponding to the detection of both micro- and macro-cracking and bar slip for all 
corroded specimens are plotted in Figure 4 to develop damage intensity classification charts. The first chart can be 
utilized to distinguish between the micro- and macro-cracking stages of bond damage of corroded reinforcing bars 
(Figure 4a). For instance, if the values of H (t) and Sr were located in the ranges of 1.19-1.71 and 3.53-18.66 x 104 
pV.s, respectively, then micro-cracking is anticipated at the concrete-steel interface. On the other hand, the macro-
cracking stage is expected, if the values of H (t) and Sr were located in the ranges of 1.81-5.97 and 9.30-96.24 x 104 
pV.s, respectively. Similarly, another chart is developed using the results of H (t) and Sr and their corresponding 
magnitude of free end slip (Table 5) to identify the range of bar slip of corroded bars, as shown in Figure 4b. This 
chart can classify the value of the bar slippage into three successive ranges: 0 to 0.25 mm, 0.25 to 0.5 mm, and 0.5 to 
0.75 mm according to the values of H (t) and Sr obtained using AE monitoring of existing concrete structures. It can 
be seen from the chart that both values of H (t) and Sr were in a good correlation with the amount of bar slip in all 
tested samples. It is clear from the figure that lower values of bar slippage were associated with lower magnitudes of 
H (t) and Sr. This decrease in H (t) and Sr with lower slip values may be related to the reduction of bond strength in 
these samples, which was accompanied by lower bar slippage (Table 5).  
 
 
a)                                                                                              b)  
  
Figure 4: Classification charts for bond damage a) micro- and macro-cracking stages and b) ranges of bar slip 
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4. CONCLUSIONS 
AE monitoring was utilized to assess the bond behaviour of reinforced concrete prism samples under pull-out tests 
after being exposed to accelerated reinforcement corrosion. This paper considered 24 samples with varied bar 
embedded length (50-200 mm) and corrosion level (0-5% steel mass loss). The analysis of the acquired AE signals 
from these tests and its comparison with the values of bar slip, bond behaviour, and bond strength yielded the 
following conclusions: 
 The analysis of CSS, H (t), and Sr versus test time curves allowed the detection of two early stages of bond 
loss, including micro- and macro-cracking prior to the occurrence of bond splitting failure, in all tested 
samples. These stages were noticed at the locations of slope change in CSS and Sr curves. The micro- and 
macro-cracking stages were also identified at the points with sudden increases in the values of H (t). 
Although the AE cumulative number of hits was correlated to the progression of bond degradation, it was 
not feasible in characterizing those early stages of bond deterioration. 
 The values of different AE parameters, including cumulative number of hits, CSS, H (t), and Sr, were in a 
good correlation with the corrosion level in all tested samples. An overall reduction in all AE parameters 
(cumulative number of hits, CSS, H (t), and Sr) was noted from increasing the corrosion level from 0 to 5% 
at the macro-cracking stage.  
 At the micro-cracking stage, only AE cumulative number of hits, CSS, and Sr were decreased, in samples 
with higher corrosion degrees. Moreover, a slight decline in the amplitude of the signals detected at both 
micro- and macro-cracking stages was warranted due to the presence of reinforcement corrosion. 
 Damage classification charts based on the results of H (t) and Sr were created to classify the stages of bond 
deterioration of corroded bars embedded in concrete. These charts enable the characterization of the micro- 
and macro-cracking stages of bond damage and prediction of the range of bar slippage according to the 
detected AE signal strength data obtained from monitoring existing concrete structures. 
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